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Abstract. Ground based measurements of slant total electron
content (TEC) can be assimilated into ionospheric models
to produce 3-D representations of ionospheric electron den-
sity. The Electron Density Assimilative Model (EDAM) has
been developed for this purpose. Previous tests using EDAM
and ground based data have demonstrated that the informa-
tion on the vertical structure of the ionosphere is limited in
this type of data. The launch of the COSMIC satellite con-
stellation provides the opportunity to use radio occultation
data which has more vertical information. EDAM assimila-
tions have been run for three time periods representing quiet,
moderate and disturbed geomagnetic conditions. For each
run, three data sets have been ingested – only ground based
data, only COSMIC data and both ground based and COS-
MIC data. The results from this preliminary study show that
both ground and space based data are capable of improving
the representation of the vertical structure of the ionosphere.
However, the analysis is limited by the incomplete deploy-
ment of the COSMIC constellation and the use of auto-scaled
ionosonde data. The first of these can be addressed by re-
peating this type of study once full deployment has been
achieved. The latter requires the manual scaling of ionosonde
data; ideally an agreed data set would be scaled and made
available to the community to facilitate comparative testing
of assimilative models.
Keywords. Ionosphere (Modeling and forecasting; Instru-
ments and techniques) – Radio science (Ionospheric propa-
gation)
1 Introduction
Comprehensive, global and timely specifications of the
earth’s atmosphere (particularly refractivity profiles of the
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troposphere and ionosphere) are required to ensure the effec-
tive operation, planning and management of many radio fre-
quency systems. One way of providing ionospheric refrac-
tivity information is to employ an ionospheric data assimila-
tion system. Such systems can produce 3-D images of the
ionosphere using data provided by a range of measurement
techniques. Of particular note is data from the International
GNSS Service (IGS) receiver network (Beutler et al., 1999).
Many IGS stations provide data in hourly files with low la-
tency (i.e. files become available within ∼30 min of the data
being collected), which can be used to calculate slant total
electron content (TEC).
Radio occultation (RO) methods are also being increas-
ingly investigated. RO measurements are made by monitor-
ing transmissions from GPS satellites using receivers on low
earth orbiting (LEO) satellites and provide the potential of
measuring refractivity profiles in regions where ground based
sensors cannot easily be located, such as deep sea waters.
The recent launch of RO instruments on the Constellation
Observing System for Meteorology, Ionosphere & Climate
(COSMIC) six satellite constellation has the potential to pro-
vide a large amount of ionospheric data (Hajj et al., 2000);
again this will be available with a low latency (115 min). For
both ground and space based data, data assimilation provides
an optimal way of combining slant TEC measurements with
an ionospheric model to provide a full 3-D representation of
the ionospheric electron density.
The Electron Density Assimilative Model (EDAM) has
been developed (Angling and Cannon, 2004; Angling and
Khattatov, 2006) to assimilate measurements into a back-
ground ionospheric model. This model is provided by PIM
(Daniell et al., 1995) and the majority of the input data is GPS
TEC derived from IGS stations. The assimilation is based on
a weighted, damped least mean squares estimation. This is a
form of minimum variance optimal estimation (also referred
to as best linear unbiased estimation, BLUE) that provides an
expression for an updated estimation of the state (known as
Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Map showing locations of IGS stations (dots) and vertical ionosondes (triangles).
the analysis) that is dependent upon an initial estimate of the
state (the background model), and the differences between
the background model and the observations (Menke, 1989).
The error covariance matrices of the background model and
the observations are also included to control the relative con-
tributions of the background and the observations to the anal-
ysis:
xa = xb +K(y−Hxb) (1)
K = BHT
(
HBHT + R
)−1
(2)
where xa is the analysis, xb is the background model, K is
the weight matrix, y is the observation vector, B is the back-
ground error covariance matrix, and R is the error covariance
matrix of the observations (Rodgers, 2000). H is the obser-
vation operator that relates the measurements to the state:
y = Hx+ ε (3)
where ε is the observation error. The analysis error covari-
ance matrix (S) may also be calculated thus:
S = B− BHT (HBHT + R)−1 HB
S = B−KHB (4)
The assimilation is conducted using a magnetic coordinate
system that remains fixed in space with respect to the sun.
An assimilation time step of 15 min has been used and the
electron density differences between the voxels of the analy-
sis and the background model are propagated from one time
step to the next by assuming persistence combined with an
exponential decay. The time constant for this decay is set
at 4 h. Thus if the data feed is interrupted, the analysis will
decay back to the background model.
Previous testing (Angling and Khattatov, 2006) has
demonstrated that it is difficult to modify the vertical struc-
ture of the EDAM electron density grid using ground based
TEC data alone – this is a problem common to all assimila-
tive approaches. It is anticipated that the introduction of RO
data will provide much better vertical information and, there-
fore, improve the vertical representation of the ionosphere.
The following section describes the first tests of EDAM us-
ing both ground based IGS data and space based data from
COSMIC.
2 Test scenarios
Three test periods have been used for this study. These are
19 to 20 August 2006 and 4 and 10 September 2006. These
periods correspond to disturbed, moderate and quiet geo-
magnetic conditions, respectively. For each period, three
assimilation runs have been conducted using different in-
put data: assimilation of just RO data, assimilation of just
ground based GPS TEC data, and assimilation of both RO
and ground based TEC.
The ground based data has been obtained from the 277
IGS sites shown in Fig. 1. Where available, differential code
biases (DCBs) from the Centre for Orbit Determination in
Europe (CODE) are used to provide calibrated TEC. Other-
wise, the station DCB is determined by EDAM itself as part
of the assimilation process. The IGS sites record data with a
period of 30 s. This data is then averaged to reduce the sam-
pling to a 5 min period. Thus, given 277 IGS sites, and as-
suming that each is locked to eight satellites, approximately
6500 slant TEC measurements will be assimilated within one
15 min assimilation period.
The COSMIC data has been provided by the COSMIC
Data Analysis and Archive Centre (CDAAC) and takes the
form of calibrated TEC from the COSMIC satellites’ precise
orbit determination (pod) antenna. Consequently, the dataset
contains measurements made with both a true RO geome-
try as well as topside measurements to GPS satellites at high
Ann. Geophys., 26, 353–359, 2008 www.ann-geophys.net/26/353/2008/
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Fig. 2. Schematic diagram of COSMIC observation geometry.
elevations with respect to the GPS receiver (Fig. 2). Both
types of measurements are assimilated. The full sampling
rate of 1 Hz is used for the RO measurements, whilst the sam-
pling rate is reduced (to a minimum of 0.01 Hz at zenith) for
the high elevation COSMIC TEC data to reduce the compu-
tation times of the assimilation.
Again, if it is assumed that each COSMIC receiver is
locked to eight high elevation GPS satellites, then approx-
imately 400 high elevation slant TECs will be assimilated
within one 15 min assimilation period. For the periods under
consideration, COSMIC made approximately 2000 RO mea-
surements per day. Therefore, approximately 20 RO mea-
surements will be assimilated during each 15 min assimila-
tion period. It should also be noted that, since the COSMIC
constellation was not fully deployed at the times of the tests,
the measurements tend to be spatially clustered.
3 Results
3.1 Validation using vertical ionosonde electron density
profiles
The EDAM results have first been compared to electron den-
sity profiles derived from vertical ionosonde measurements
of the ionosphere. In particular data from the USAF Digi-
tal Ionospheric Sounding System (DISS) network (shown as
triangles in Fig. 1) has been used. It should be noted that
the ionosonde data is autoscaled and consequently the ver-
tical profiles may contain errors. Furthermore, the topside
electron density profiles above the peak of the F region have
been constructed using the Chapman scale height HT at the
F2-layer peak (Reinisch and Huang, 2001; Reinisch et al.,
2004). To make the comparison vertical profiles have been
extracted from the EDAM electron density grid at the loca-
tion of each ionosonde and both the EDAM and ionosonde
Fig. 3. Example comparison between PIM, EDAM and a ver-
tical electron density profile measured by the Ascension Island
ionosonde.
vertical profiles are interpolated onto 5 km vertical steps. No
attempt has been made to limit the validation data to that
which lies close (in space or time) to the COSMIC or IGS
data ingested by EDAM. An example comparison between
PIM, EDAM and a vertical profile from Ascension Island
(7.9◦ S, 345.6◦ E) is shown in Fig. 3.
Root mean square (RMS) differences have been calculated
between the vertical ionosonde profiles and the EDAM pro-
files at each 5 km height step. No quality control has been
applied to the ionosonde profiles beyond the requirement that
the electron density must be positive. Consequently any spu-
rious results have been included. The results for 10 and 4
September (1252 and 1306 profiles, respectively) and for 19–
20 August (2522 profiles) are given in Figs. 4 to 6, respec-
tively. In each case the RMS error of PIM with respect to
the ionosonde vertical profile is shown by the solid line, the
RMS error of EDAM with only IGS input is shown by the
dashed line, the RMS error of EDAM with only RO input is
shown by the dotted line, and the RMS error of EDAM with
IGS and RO input is shown by the dash-dot line.
Figure 4 shows that for quiet geomagnetic conditions, the
assimilation of IGS and RO data makes little difference to
the RMS error. For moderate conditions (Fig. 5), EDAM
improves the RMS error at all heights above 200 km when
assimilating the COSMIC data. When using only IGS data
the greatest gains occur at approximately 250 km, but perfor-
mance degrades to a similar level as PIM by 350 km. When
both IGS and COSMIC data are assimilated, the results show
www.ann-geophys.net/26/353/2008/ Ann. Geophys., 26, 353–359, 2008
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Fig. 4. RMS error between ionospheric models and ionosonde ver-
tical profiles at 5 km height steps on 10 September 2006 (quiet ge-
omagnetic conditions). The models are: PIM (solid line); EDAM
assimilating IGS data only (dashed line); EDAM assimilating COS-
MIC RO data only (dotted line); and EDAM assimilating IGS and
COSMIC RO data (dot-dash line).
an improvement over the purely IGS case between approxi-
mately 270 and 380 km. However, it is clear that this assimi-
lation does not provide an ideal combination of the two types
of data since the combined RMS error is only the lowest of
the tests over a small vertical range from 270 to 320 km. For
the disturbed test (19–20 August, Fig. 6), the COSMIC data
assimilation provides the best results, again improving RMS
error at all heights above 200 km. However, when IGS data
is assimilated, EDAM exhibits degraded RMS performance
in comparison to PIM at heights around the F region peak.
This is due to mis-modelling of the vertical structure when
the ground based data is used. The combined IGS/COSMIC
assimilation shows some improvement, but remains worse
than PIM around the F region peak. This indicates that the
assimilation results are being dominated by the ground based
measurements.
3.2 Validation using Abel Transform vertical profiles
The EDAM results have also been compared to vertical pro-
files derived from the COSMIC RO measurements using an
Abel Transform (Fjeldbo et al., 1971; Hajj and Romans,
1998). The latter were obtained from CDAAC. Since the
same input slant TEC data used in the Abel Transform has
been assimilated in EDAM, the Abel Transform profiles do
Fig. 5. RMS error between ionospheric models and ionosonde ver-
tical profiles at 5 km height steps on 4 September 2006 (moderate
geomagnetic conditions). The models are: PIM (solid line); EDAM
assimilating IGS data only (dashed line); EDAM assimilating COS-
MIC RO data only (dotted line); and EDAM assimilating IGS and
COSMIC RO data (dot-dash line).
not provide a truly independent test of the assimilation. It
should also be remembered that the two profiles actually rep-
resent different electron density fields – the EDAM profile
is an estimation of the vertical profile at a particular loca-
tion, whilst the Abel Transform profile is, in some sense, an
average representation of the ionosphere over the horizontal
extent of the measurement.
To make the comparison a vertical profile has been ex-
tracted from the EDAM electron density grid at the location
of the RO tangent point half way through the measurement
period. The tangent point is the location where the ray from
the GPS transmitter to the COSMIC receiver makes its clos-
est approach to the Earth’s surface (Fig. 2). The tangent point
half way through the measurement period is used because
the tangent point drifts during the measurement due to the
non-ideal measurement geometry. Both the EDAM and Abel
Transform vertical profiles are interpolated onto 5 km verti-
cal steps. An example comparison is shown in Fig. 7.
Root mean square (RMS) differences have been calculated
between the Abel Transform profile and the EDAM profiles
at each 5 km height step. No quality control has been applied
to the Abel Transform profiles beyond the requirement that
the electron density must be positive. Consequently any spu-
rious results, such as those below 200 km in Fig. 7, have been
included. The results for 10 and 4 September (2066 and 1861
Ann. Geophys., 26, 353–359, 2008 www.ann-geophys.net/26/353/2008/
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Fig. 6. RMS error between ionospheric models and ionosonde ver-
tical profiles at 5 km height steps on 19–20 August 2006 (disturbed
geomagnetic conditions). The models are: PIM (solid line); EDAM
assimilating IGS data only (dashed line); EDAM assimilating COS-
MIC RO data only (dotted line); and EDAM assimilating IGS and
COSMIC RO data (dot-dash line).
profiles, respectively) and for 19–20 August (4184 profiles)
are given in Figs. 8 to 10, respectively. In each case the RMS
error of PIM with respect to the Abel Transform vertical pro-
file is shown by the solid line, the RMS error of EDAM with
only IGS input is shown by the dashed line, the RMS error of
EDAM with only RO input is shown by the dotted line, and
the RMS error of EDAM with IGS and RO input is shown by
the dash-dot line.
Figure 8 shows that for quiet geomagnetic conditions, the
assimilation of IGS and RO data makes little difference to the
RMS errors – though some improvement can be seen above
300 km. However, for moderate and disturbed conditions
(Figs. 9 and 10), EDAM generally performs better than PIM.
As expected, the assimilation of the RO slant TEC data has
the greatest impact on the assimilation results, though the
improved RMS exhibited by EDAM ingesting just ground
based IGS data does demonstrate that it is possible to reduce
errors in the vertical structure of the ionospheric model using
this data.
4 Discussion
The use of the Abel Transform vertical profiles to validate
EDAM assimilations that have used COSMIC data is not
Fig. 7. Example comparison between PIM, EDAM and Abel Trans-
form vertical electron density profiles.
Fig. 8. RMS error between ionospheric models and Abel transform
vertical profiles at 5 km height steps on 10 September 2006 (quiet
geomagnetic conditions). The models are: PIM (solid line); EDAM
assimilating IGS data only (dashed line); EDAM assimilating COS-
MIC RO data only (dotted line); and EDAM assimilating IGS and
COSMIC RO data (dot-dash line).
www.ann-geophys.net/26/353/2008/ Ann. Geophys., 26, 353–359, 2008
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Fig. 9. RMS error between ionospheric models and Abel transform
vertical profiles at 5 km height steps on 4 September 2006 (mod-
erate geomagnetic conditions). The models are: PIM (solid line);
EDAM assimilating IGS data only (dashed line); EDAM assimilat-
ing COSMIC RO data only (dotted line); and EDAM assimilating
IGS and COSMIC RO data (dot-dash line).
entirely legitimate since the profiles are not truly indepen-
dent. The impact of this can be seen in the close agreement
between the results for assimilations using only COSMIC
data and those using both IGS and COSMIC data. The re-
sults are clearly dominated by the COSMIC data. However,
in the case of assimilating IGS data alone, the vertical pro-
files are independent. The RMS error reduction is not as
great, but the results do show that it is possible to improve
the representation of the vertical structure of the ionosphere
using only ground based sensors.
Profiles from vertical ionosondes do provide independent
validation data, though, in this study, the accuracy is lim-
ited by the auto-scaling. Furthermore, for a ground based
sounder, the topside ionosphere is necessarily reconstructed
by means of a model based on scale heights measured near
the F region peak. Results published by Belehaki and Kers-
ley (2006) indicate that the reconstruction tends to result in a
positive electron density bias above the F region peak. In the
daytime, this reduces with height to become a small negative
bias at higher altitudes. The EDAM RMS results indicate
that, for this test, the results are dominated by the ground
based IGS data to the extent that the combined assimilation
results (i.e. IGS and COSMIC data) closely follow the IGS
alone results. Indeed, the addition of the IGS data can be
seen to degrade EDAM’s performance; this is especially ev-
Fig. 10. RMS error between ionospheric models and Abel trans-
form vertical profiles at 5 km height steps on 19–20 August 2006
(disturbed geomagnetic conditions). The models are: PIM (solid
line); EDAM assimilating IGS data only (dashed line); EDAM as-
similating COSMIC RO data only (dotted line); and EDAM assim-
ilating IGS and COSMIC RO data (dot-dash line).
ident in the disturbed test where the degradation occurs over
most of the height range and results in errors in excess of
those displayed by the background model (PIM). It is likely
that the performance degradation is due to mis-modelling of
the vertical structure of the ionosphere, but it is not clear why
this problem is apparent in the vertical ionosonde tests and
not in the Abel Transform tests.
In these tests the improvements shown by EDAM in com-
parison to PIM are rather modest. This can be attributed to
three reasons: first and most fundamental is that the chosen
method of testing provides a very stringent test of the iono-
spheric vertical structure as modelled by EDAM, such that
small errors in profile heights can result in large electron den-
sity errors. Secondly, no quality control has been applied to
the vertical electron density profiles used for validation. This
is especially a problem in the case of the vertical ionosondes
as auto-scaled data has been used. And thirdly, the COSMIC
constellation was not fully deployed at the time of the test,
leading to clustering of the measurements. Consequently, the
impact of the final constellation on global assimilations can-
not be assessed.
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5 Conclusions
EDAM assimilations have been run for three time periods
representing quiet, moderate and disturbed geomagnetic con-
ditions. For each run, three data sets have been ingested –
only IGS data, only COSMIC data and both IGS and COS-
MIC data. The results show that both ground and space based
data are capable of improving the representation of the verti-
cal structure of the ionosphere, However, the analysis is lim-
ited by the incomplete deployment of the COSMIC constel-
lation and the use of auto-scaled ionosonde data. The first of
these can be addressed by repeating this type of study once
full deployment has been achieved. The latter requires the
manual scaling of ionosonde data; ideally an agreed data set
would be scaled and made available to the community to fa-
cilitate comparative testing of assimilative models.
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